Abstract-This paper presents a fault ride-through control strategy for grid-tied virtual synchronous generator (VSG) under two main grid fault conditions, grid voltage sag fault and unintentional grid outage fault. Considering the overcurrent issue of VSG during the grid voltage sag fault, mechanism on overcurrent issue and the relationship among power angle, voltage amplitude, active power and reactive power are analyzed. Based on the analysis, a control strategy based on direct power angle and voltage amplitude control is proposed. Compared to the common control strategy based on additional inner current loop, the proposed VSG requires no add extra voltage or current sensors. For the grid outage fault, detailed analysis on the relationship among power angle, active power and frequency has been conducted, and it is found that the power angle is related to the output active power when the converter operates on grid-tied condition; under unintentional islanding conditions, the power angle is related to the voltage frequency. Based on the found, a detection method based on small frequency disturbance is proposed. Simulation studies on a prototype VSG system are presented to demonstrate the validity of the proposed control strategy.
INTRODUCTION
Buildings have a significant impact on energy usage and the environment. Commercial and residential buildings use almost 40% of the primary energy and approximately 70% of the electricity in the United States, and electricity consumption in the commercial building sector doubled between 1980 and 2000, and is expected to increase another 50% by 2025 [1] . To reduce the consumption of non-renewable energy in the building sector, the concept of zero energy building (ZEB) was defined in which the actual annual delivered energy is less than or equal to the on-site renewable exported energy in an energy-efficient building [2] . To achieve this goal, various distributed energy resources (DERs), such as photovoltaic, wind, fuel cells, are interfaced by power electronic converters to the building electrical network. Among these power electronic converters, single-phase grid-tied voltage source converter (VSC), as an AC grid synchronizer, has been widely used.
With the increasing penetration of DERs into the electrical power system (EPS), the requirements on DERs' interconnection with EPS are gradually being more stringent. Initially, the grid-tied DER systems were at small scale in buildings sector, such as rooftop solar panels and wind turbines, only some basic grid-connected requirements on power quality are defined under normal grid conditions. Under grid fault conditions, the DER systems are allowed to disconnect from the grid for self-protection [3] . As the DERs have been increasingly penetrated into the utility electrical grid, however, such self-protection behavior would deteriorate the stability of the utility grid, and the new grid codes require the grid-tied DER to be more active for grid voltage and power regulations [4] [5] , like the conventional synchronous generators (SGs). Based on this trend, the concept of VSG was proposed to mimic SG's features to contribute to the inertia of power grid, which can enhance the transient frequency stability during grid disturbances.
In recent years, extensive studies were focused on smallsignal modelling, control strategy, parameter design, power decoupling and stability analysis of three-phase VSG, but few studies on VSG's operation under grid fault conditions, which is one of the biggest challenges for the VSG. There are two typical types of fault, grid voltage sag fault and grid outage fault. During a grid fault with AC voltage sag, the DER is supposed to continue connecting with AC grid for a certain period of time and can further provide grid support services like offering reactive power to support the grid voltage recovery [6] . However, compared with the conventional inner current loop control, the VSG generates the output voltage reference through P/f and Q/v relations, which is vulnerable to overcurrent during grid fault. To solve this issue, one common solution is adding one inner current loop. In [7] , a smooth switching is used to transfer the voltage source mode of VSG to current source mode, so as to limit the output current and provide reactive power support. In [8] , the excitation state is analyzed, and a current loop based on proportion resonant (PR) controller is added. In [9] , a negative sequence droop control is added to provide negative sequence power during asymmetrical voltage sags. Due to the additional current loop, more voltage and current sensors are needed to feedback the required electrical signals. The other solution is to control voltage amplitude and active power directly to avoid overcurrent during grid voltage sag fault [10] , but the voltage amplitude and active power reference need to be set carefully.
Except for grid voltage sag fault, the other common grid fault for grid-tied DER is unintentional grid outage fault with islanding phenomenon. Under such condition, the DER systems are supposed to quickly detect the outage and seamlessly transfer from grid-connected operation mode to off-grid operation mode. In such way, power loads in the building will not suffer severe voltage transient stability and power quality issues. The proposed active anti-islanding protection (AIP) is based on injecting perturbation, like active power variation, reactive power variation or active frequency drift, and then detecting the change of electrical quantities to identify the islanding condition [11] . However, in VSG, the active power, reactive power and frequency are indirect control variables, which makes the existed AIP methods based on power control loop less effective or even a failure.
In this paper, a fault ride-through control strategy for single-phase VSG is proposed. Considering the overcurrent issue of VSG during the grid voltage sag fault, mechanism on overcurrent issue and the relationship among power angle, voltage amplitude, active power and reactive power are analyzed. Based on the analysis, a control strategy based on direct power angle and voltage amplitude control is proposed. Compared to the common control strategy based on additional inner current loop, the proposed VSG requires no extra voltage or current sensors. For the grid outage fault, detailed analysis on the relationship among power angle, active power and frequency has been conducted first, and then a detection method based on small frequency disturbance is proposed. Simulation studies on a prototype VSG system are presented to demonstrate the validity of the proposed control strategy.
II. SYSTEM DESCRIPTION AND BASIC CONTROL STRATEGY
For a single-phase grid-tied DER-converter with LCL filter shown in Fig. 1 , L1, L2, Cf represent the converter-side inductor, the grid-side inductor, and the filter capacitor, respectively; vo, vpcc and vg are the converter output voltage, voltage of point of common coupling (PCC) and grid voltage; i1, i2 and ig are the converter-side current, output current and grid current; vc and ic are voltage and current of the filter capacitor, respectively; Zg is the grid impedance; vdc and idc are the dc-bus voltage and current, respectively.
The mathematic model of swing equation based VSG algorithm can be expressed as,
where, P * and P0 are set and output active power, Q * and Q0 are set and output reactive power, ω is virtual angular speed, ω * is rated angular speed, J is moment of inertia, and Dp and Layout of the single-phase grid-tied VSG and its conventional control strategy
Ignoring the resistance on inductors L1 and L2, the active and reactive power can be calculated as,
where XL = ɷ*(L1+L2), δ is the power angle between e and pcc v . It can be seen that the active power is mainly related to the power angle δ, and the reactive power is mainly related to the output voltage amplitude E.
III. FAULT RIDE-THROUGH CONTROL STRATEGY
To enhance the operation reliability of the EPS, new grid codes [6] expect the grid-connected DERs systems to be more active, meaning that they should participate in voltage and frequency regulation and grid support, especially during grid fault. In this section, behaviors of VSG under the grid voltage sag fault and grid outage fault are analyzed. Focusing on the drawbacks of VSG during grid fault, a fault ride-through control strategy based on direct power angle and voltage amplitude control method is proposed.
A. Grid Voltage Sag Fault
As shown in Fig. 2 (a) , the AC current i2 can be written as,
The vector diagram of VSG output voltage e and PCC voltage PCC v is illustrated in Fig. 2(b) . When PCC voltage drops, the ac current i2 increases quickly. As shown in Fig. 3 , a 50% voltage sag fault is applied in the VSG system at 1.5s, the ac current is twice the rated value, which would damage the semiconductor devices in the converter. To restrict the increase of i2, the VSG output voltage amplitude E and the power angle δ should be carefully regulated. According to (1) and (2), during grid voltage sag fault, the voltage amplitude reference E and power angle reference   can be given as, ( )
where k is the sag ratio of voltage at PCC.
To further support grid voltage recovery, a certain amout of reactive power is provided according to the new grid codes, and the reactive power reference can be expressed as,
B. Grid Outage Fault
As shown in Fig. 1 , a single-phase inverter is connected to the power grid through a LCL filter, feeding a local parallelconnected RLC load at the PCC. When the ac switch Sg is on, vpcc is clamped to the grid voltage vg, and the power difference between the inverter output and the load is automatically provided by the grid. The consumed active and reactive power by RLC load can be expressed as, The common AIP methods are based on the changes of voltage amplitude and/or frequency, when the DER goes from grid-tied condition to unintentional islanding condition. They are simple and easy to implement by setting an upper and lower threshold (i.e. the voltage amplitude thresholds are usually 88% and 110% of the rated value, and the frequency thresholds are usually 59.3 Hz and 60.5 Hz). However, when the local loads closely match the DER's output power, the voltage and/or frequency deviation would not exceed the thresholds, resulting in non-detection zones (NDZs), as shown in Fig. 4 .
Usually the grid-connected inverter operates at unity power factor. Under grid-tied condition, substituting Q0 = 0 into (2), the power angle δ can be calculated, 
Under unintentional islanding condition, the power angle δ can be derived from (7) From (8) and (9), it can be found that the power angle δ is related to the output active power P0 when the converter operates under grid-tied conditions; under unintentional islanding conditions, the power angle δ is related to the voltage frequency f. Considering δ is the integral of difference between ɷ and ɷPCC, when a frequency disturbance is inserted, the output active power P0 will correspondingly change under grid-tied condition; when the system goes to an unintentional islanding condition, the frequency disturbance will display on the voltage frequency at PCC. As the above analysis in Section III (A) and (B), the proposed fault ride-through control strategy is shown in Fig. 5 . To restrict the AC current increase during grid voltage sag fault, the VSG output voltage amplitude E and the power angle δ will be regulated by the voltage sag ratio k. To detect the grid outage fault, a small frequency disturbance (e.g. ±0.01Hz) will be inserted, and the voltage frequency at PCC will be monitored. According to the analysis on (8) and (9), under grid-tied condition, this small frequency disturbance will be displayed on the output active power. When the converter goes to unintentional islanding condition, this small frequency disturbance will be displayed on the voltage frequency shift at PCC. To accelerate the voltage frequency shift, such frequency shift is exponentially fed back, so as to detect the unintentional islanding condition.
IV. SIMULATION STUDIES
To verify the analysis and the proposed control strategy in Section III, a simulation model configured with the same structure in Fig. 1 and the same main parameters listed in Table I is developed using MATLAB/Simulink. Since the focus in this paper is on the ac side control, a constant dc voltage source is adopted at the input side. The local ac load consists of a parallel RLC load with a quality factor of 0.5, and the ac grid is emulated as a weak grid with short circuit ratio (SCR) of 3. 6 shows simulation results of the VSG when a 50% voltage sag is applied for 500ms, beginning at 1.5s. Since the power angle δ is set to zero, the active power reduces quickly, and the reactive power is regulated by the Q-V droop curve. It can be observed that the voltage amplitude is significantly shifted up due to the reactive power compensation, from 50% of rated voltage to 76.6% of rated voltage. The peak current is observed at the fault point, and the peak value is 75A (1.27 times of rated current), which is much lower than that of the VSG without the proposed control strategy (twice rated current). After grid recovery at 2.0s, the compensated reactive power is reduced to zero, and the active power goes back to the rated value.
To evaluate performance of the proposed AIP method, a power outage is applied at 3.0s, as shown in Fig. 7 . Since the load power almost equals to the converter output power, the grid current ig is closed to zero, and the voltage and frequency at the PCC merely have slight change, which cannot be detected based on the conventional passive method. With the proposed AIP method based on frequency disturbance, the unintentional islanding was detected within 100 ms. It should be noted that the detection time is related to the set frequency threshold. To accelerate the detection speed, the frequency shift trend based detection method can be used [12] . It also can be observed, before the fault happens, the effect of inserted small frequency disturbance can be observed in the output active power, as shown in P0 and ig in Fig. 7 ; after the fault happens, the small frequency disturbance affects the voltage frequency change at PCC, which matches the previous analysis in Section III(B). This paper proposes a fault ride-through control strategy for single-phase VSG, considering two main grid fault conditions, such as grid voltage sag fault and unintentional grid outage fault. To restrict the overcurrent during grid voltage sag fault, a control strategy based on direct regulation of power angle and voltage amplitude is proposed. Compared to the additional inner current loop control, the proposed VSG requires no additional voltage or current sensors. From the simulation results, it can be observed that the proposed method can not only avoid the overcurrent peak at the fault starting point, but also quickly provide reactive power to support grid voltage recovery. For the grid outage fault, detailed analysis on the relationship among power angle, active power and frequency has been conducted first, and then an AIP method based on small frequency disturbance is proposed. The simulation results match the analysis and demonstrates the performance of the proposed control strategy.
